High-performance thin-film transistors produced from highly separated solution-processed carbon nanotubes Transistors utilizing carbon nanotube (CNT) thin films have exhibited high on-currents and mobilites greater than those of alternative channel materials. One critical problem that has limited the utilization of CNT thin-film transistors (TFTs) is the occurrence of unavoidable parasitic current paths stemming from metallic nanotubes. In this work, we experimentally demonstrate high-yield, high-performance TFTs composed of a highly purified single-walled carbon nanotube (SWNT) network. A solution process for a highly separated 99.9% semiconducting SWNT solution is used to acquire a significant enhancement in transistor performance, such as a high on/off ratio, high mobility, and high yields close to 100%. V C 2014 AIP Publishing LLC.
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Various types of active channel materials have been widely applied to thin-film transistors (TFTs) such as organic compounds, 1,2 metal-oxides, 3 amorphous silicon, 4, 5 and poly crystalline silicon. 6 However, each material has its own challenging factors regarding the electronic performance such as the mobility, on-off ratio, and device-to-device variability. Among possible candidates, single-walled carbon nanotubes (SWNTs) have shown great promise for use in integrated circuits, 7-10 displays, 11 RF devices, 12 physical sensors, 13 and artificial skin sensors 14, 15 due to their excellent electrical properties. Nevertheless, the mainstream SWNT-TFT approach is limited by the coexistence of both metallic and semiconducting nanotubes, resulting in a high off-state leakage current and unacceptably low on/off ratios. [16] [17] [18] For electronic digital applications, the problem of the coexistence of metallic and semiconducting nanotubes can be resolved by using pre-separated SWNTs, i.e., solutionprocessed SWNTs, with high-purity semiconducting nanotubes. The selective removal of metallic SWNTs has been shown to dramatically reduce the leakage path, enabling the realization of high on/off ratios. [19] [20] [21] Previous reports have demonstrated a high on/off ratio achieved by employing 99% separated SWNTs. 21 However, while demonstrating the value of SWNT purification in electronics, the performance of transistors utilizing 99% semiconducting SWNTs is still limited by the presence of 1% metallic nanotubes. The unavoidable metallic pathway can limit the electronic performance in the regime of short-channel lengths, and this challenge must be addressed to achieve high switching speeds and driving currents in short-channel SWNT-TFTs. Therefore, a higher purification of SWNTs is necessary.
In this work, we experimentally demonstrate highperformance short-channel SWNT-TFTs obtained from a highly separated SWNT solution (up to 99.9%). These SWNTTFTs show excellent electrical properties compared to SWNTTFTs utilizing less purified carbon nanotube (CNT) solutions, in terms of the on-current density (up to 1.2 lA/lm), on/off ratio (>10 5 for channel lengths as small as 1.5 lm), mobility (up to 73 cm 2 V À1 s
À1
), and yields (close to 100%). Figure 1 (a) shows a schematic of the back-gated SWNT-TFTs. A highly p-doped silicon substrate is used as the back-gate, with a thermally grown 55-nm-thick backgate oxide (SiO 2 ). The substrate is first functionalized with a poly-L-lysine solution to form an amine-terminated layer, 19 which acts as an effective adhesion layer for the SWNTs. The substrate is then rinsed with deionized (DI) water and isopropanol. To deposit a random network of CNTs, 15, 19 the substrate is immersed in a high-purity semiconducting nanotube solution, rinsed with isopropanol and DI water, and then dried with flowing nitrogen. The 90% and 99.9% semiconducting nanotube solutions (IsoNanotubes-S) used in this study were provided by Nanointegris, Inc. To form source/ drain electrodes, a 30-nm-thick Pd layer is then deposited and patterned using thermal evaporation and a lift-off process. Finally, the channel width is defined by an additional photolithography step and O 2 plasma etching. This step also removes undesirable current paths outside the designated channel region. The channel lengths and widths ranged from 0.8 to 3 lm and 2 to 30 lm, respectively. 
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This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP: deposition times: 1, 3, and 120 min. Figure 2(a) shows the UV-vis-NIR absorption spectra of the 90% (blue trace), 99% (green trace), and 99.9% semiconducting nanotube solutions (red trace), respectively. In comparing the three groups, it is obvious that the content of the semiconducting nanotubes tends to increase as the concentration increases, as evidenced by increments in the S 22 and S 33 peaks (semiconducting transition) as well as a decrement in the M 11 peak (metallic transition). The AFM images reveal that the solution-processed SWNTs are well deposited on the SiO 2 surface. 22 The average nanotube densities obtained for the 90% semiconducting solution at deposition times of 1 min and 3 min were found to be 9-14 tubes/lm 2 and 12-18 tubes/lm 2 , respectively. In addition, the average nanotube density of the 99.9% , respectively. Even for a relatively short-channel length (L G ¼ 1.5 lm), the electrical characteristics of the fabricated SWNT-TFTs show excellent electrical performance, compared to previous reports 19, 22, 23 due to the highly separated nanotube solution employed in this study. In other words, the highly separated nanotube solution significantly inhibits the metallic pathway at short-channel lengths. [16] [17] [18] Figure 3(b) shows the output characteristics of a SWNT-TFT produced from the 99.9% SWNT solution. The characteristics appear to be linear at small V D values, indicating that ohmic contacts are formed between the Pd metal electrodes and the nanotubes. At more negative values of V D , the device exhibits saturation behavior, indicating reasonable field effect operation. From the transconductance, the mobility (l) of the SWNT-TFT is extracted to be 73 cm 2 V À1 s
À1
for the SWNT-TFT fabricated from the 99.9% SWNT solution. 23 The extracted l is higher than previously reported values because of the high network density of the SWNTs. 24 Compared to previous works investigating thin films of CNTs containing 1%-2% metallic SWNTs, the on/off ratio was significantly decreased at the short channel length (2-4 lm). 19, 21, 23, 25, 26 In contrast, we simultaneously obtained a high on/off ratio and high mobility even for a relatively short-channel length, with the aid of a highly separated nanotube solution. , 10
1.53þ0.92 , and 10 0.79þ0.36 in each three condition. These average and standard deviations are extracted from the total 90 samples for each three conditions. The high on/off ratio arises from the effective reduction of percolated paths caused by metallic nanotubes. 19 Statistical data based on the geometric dimensions are shown in Figure. current for the 90% semiconducting nanotubes is higher than that of the 99.9% samples by a factor of approximately 3 to 12 for all channel widths. The reduced on-state current for the 99.9% SWNT-TFTs is attributed to the large number of nanotube-nanotube junctions. Generally, an average nanotube length in higher purity nanotube solution becomes shorter, 23 because of the stronger ultracentrifugation processes. Therefore, high density nanotubes are necessary to form the sufficient network channel, which results in more nanotube-nanotube junctions. 22, 23 In addition, the decreased metallic nanotube percentage also reduce the on state current unwantedly.
The on/off ratio as a function of channel width presents a significant difference between the devices obtained from 90% and 99.9% semiconducting nanotubes (Figure 4(b) ). The devices with 99.9% semiconducting nanotubes show a much higher on/off ratio (>10 5 regardless of the channel width) compared with the 90% devices, which exhibited ratios in the range of approximately 10 4 to 10 for channel widths of 2 to 30 lm. In other words, there is a trade-off between the driving current and the on/off ratio for the 90% semiconducting nanotubes. Therefore, a device with a large channel width driving current and a high on/off ratio is difficult to achieve with the 90% semiconducting nanotubes.
Moreover, Figure 4 (c) demonstrates that as the channel length is decreased from 3 to 0.8 lm, the average on/off current ratio is reduced for all SWNT-TFTs, regardless of purity. This result is attributed to the increased probability of direct source-to-drain transport of carriers by a metallic nanotube. However, it should be noted that the average on/off current ratio is still greater than 10 5 for the 99.9% semiconducting nanotubes, even at the shortest channel length measured in this study, although the slight degradation of the on/off ratio can be observed in the devices with 99.9% solution.
In summary, SWNT-TFTs with superior electrical performance were obtained by using highly purified semiconducting CNT solutions. The effects of the solution purity and the structural parameters, i.e., the channel length (L G ) and channel width (W), were comprehensively analyzed. Even for a short-channel length of 1.5 lm, the electrical characteristics such as the on-state current density, on/off ratio, and mobility are superior to those of previously developed organic TFTs and CNT-TFTs. The superior electrical performance and wafer-scale fabrication ability of the SWNT-TFTs proposed in this research render solution-processed high-purity SWNTs as a key candidate material for developing highperformance TFTs. These TFTs can also be utilized for SWNT-based system-level integrated circuits due to their ease of production. This research paves a path for the effective implementation of high-performance, separated, solution-processed CNTs, and cost-effective, lower power, higher performance electronics, in addition to other macroelectronics applications.
